Using the most recent release of the ALEPH τ decay data, we present a very detailed phenomenological update of the αs(m 2 τ ) determination. We have exploited the sensitivity to the strong coupling in many different ways, exploring several complementary methodologies. All determinations turn out to be in excellent agreement, allowing us to extract a very reliable value of the strong coupling. We find α
Introduction
This workshop contribution summarizes the updated determination of the strong coupling from τ decays, performed recently in Ref. 1 with a very comprehensive analysis of the most recent experimental data. The τ decay width is very sensitive to α s and provides a rigorous determination of the QCD coupling at the τ mass scale.
2 Owing to its inclusive character, the total hadronic decay width of the τ lepton can be analyzed with well-understood short-distance QCD tools, such as the operator product expansion (OPE). 3 It turns out to be completely dominated by the perturbative contribution, which allows us to determine α s (m 2 τ ) with very good accuracy.
2, 4 When evolved to higher scales, it provides one of the most precise experimental determinations of α s (M 2 Z ), [5] [6] [7] [8] because the long running of the strong coupling between m τ and M Z shrinks the error by a factor roughly proportional to α The main uncertainty in the α s determination from τ decays has a perturbative origin, related to the sizable value of the strong coupling at m τ that makes it sensitive to unknown higher-order corrections. Non-perturbative contributions are small, below 1%, and can be identified analyzing the invariant-mass distribution of the fi-nal hadrons in τ decays. This kinematical distribution constitutes a precious source of information to investigate non-perturbative effects and measure the parameters characterizing the QCD vacuum. 9 Using the recently updated ALEPH τ spectral functions, 10 we have made an exhaustive analysis of potential non-perturbative contributions to the inclusive τ decay width, to better assess their possible impact on the determination of α s (m 2 τ ). We have investigated these effects with different strategies and have performed many complementary tests. In all cases, the fitted value of α s (m 2 τ ) exhibits an impressive stability, showing very little sensitivity to non-perturbative corrections. In the following, we present the main results of this analysis and derive a very precise value of the strong coupling. Additional details can be found in Ref. 1.
Inclusive Hadronic Width of the τ Lepton
It is convenient to normalize the hadronic decay width to the leptonic one, 3, 11, 12 
and express the ratio through the spectral identity 
where Π (J) ij,J (s) are the two-point correlation functions for the vector V µ ij = q j γ µ q i and axial-vector A µ ij = q j γ µ γ 5 q i colour-singlet quark currents:
(4) The |V ud | 2 terms in (3) correspond to R τ,V and R τ,A , while R τ,S contains the Cabibbo-suppressed contributions. The factor S EW = 1.0201 ± 0.0003 in Eq. (2) incorporates the renormalization-group-improved electroweak correction.
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We will only discuss here the total Cabibbo-allowed width. The recently updated ALEPH spectral functions ρ ud,J (s)
ud,J (s), are shown in Fig. 1 .
10 Using the analyticity properties of the correlators, this experimental information can be related with theoretical QCD predictions through moments of the type
where
ud,V /A (s), ω(s) is any weight function analytic in |s| ≤ s 0 , s th is the hadronic mass-squared threshold, and the complex integral in the right-hand αs(m 2 τ ) from τ decays 3 Fig. 1 . ALEPH spectral functions for the V , A and V + A channels. 10 side (rhs) runs counter-clockwise around the circle |s| = s 0 . The OPE,
can be used to predict the rhs integral as an expansion in inverse powers of s 0 , for large-enough values of s 0 . Differences between the physical values of the A ω V /A (s 0 ) moments and their OPE approximations are known as quark-hadron duality violations. They are minimized by taking "pinched" weight functions which vanish at s = s 0 , suppressing in this way the contributions from the region near the real axis where the OPE is not valid. 
The coefficients K n ≡K n (ξ = 1) are known up to n ≤ 4. For N f = 3 flavours, one has:
= 6.37101 and K
MS 4
= 49.07570. The homogeneous renormalization-group equation satisfied by D(s) determines the corresponding scale-dependent parametersK n (ξ).
17, 18
Integrating by parts the rhs of Eq. (5), the perturbative contribution to A ω V /A (s 0 ) takes the form
with W (s) ≡ s 0 ds ω(s ). The contour integrals multiplying the coefficientsK n (ξ) only depend on α s (ξ 2 s 0 ). They can be computed with high accuracy solving the β-function equation, up to unknown β n>4 contributions. One gets in this way a contour-improved perturbation theory (CIPT) series, 17, 19 which sums big running corrections arising at large values of ϕ, is stable under changes of the renormalization scale ξ and has a very good perturbative convergence. If one truncates instead the integrals to a fixed order in α s (ξ 2 s 0 ) (fixed-order perturbation theory, FOPT), the resulting series has a slow convergence and a much larger dependence on ξ.
Sensitivity of
The determination of the strong coupling from τ decays takes advantage of several properties that make R τ particularly suitable for a precise theoretical analysis: i) The tau mass is large enough to safely use the OPE at
.33 is sizeable, making R τ more sensitive to the strong coupling than higher-energy observables.
iii) The perturbative correction to R τ is known to O(α τ suppression of non-perturbative corrections to R τ,V /A , there is a cancellation between the vector and axial-vector D = 6 contributions to R τ,V +A , which have opposite signs. vii) As shown in Fig. 1 , the inclusive V +A spectral distribution is very flat. The prominent ρ(2π) and a 1 (3π) resonance structures get very soon diluted by the opening of high-multiplicity hadronic thresholds. The data approaches very fast the perturbative QCD predictions, which seem to work even at surprisingly low values of s ∼ 1.2 GeV 2 .
The large value of the strong coupling at the τ mass scale implies also that R τ is quite sensitive to the unknown higher-order perturbative corrections, making them the largest source of uncertainty in the α s (m 2 τ ) determination. For a given value of α s (m 2 τ ), FOPT predicts a slightly larger perturbative correction than CIPT; therefore it leads to a smaller fitted value of α s (m 2 τ ). The numerical size of the small non-perturbative effects can be extracted from the measured invariant-mass distribution of the final hadrons, using weighted moments more sensitive to power corrections. 9 The non-perturbative contribution to R τ has been found experimentally to be safely below 1% with the ALEPH, 10, 20, 21 αs(m 2 τ ) from τ decays 5
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22 and CLEO 23 data, in agreement with theoretical expectations. 3 Using the updated ALEPH spectral functions in Fig. 1 , we have performed a more detailed analysis, confirming the strong suppression of non-perturbative contributions in the V + A channel. 
are too small to provide any sizeable effect at s 0 ∼ m 2 τ , within the much larger background noise from perturbative uncertainties and experimental errors.
Updated Determination of
We have made a very comprehensive reanalysis of the α s (m 2 τ ) determination from τ decay data, with all kinds of consistency checks to assess the potential size of non-perturbative effects.
1 All strategies adopted in previous works have been investigated, studying the stability of the results and trying to uncover any potential hidden weaknesses, and several complementary approaches have been put forward. Several determinations, using different methodologies, have been performed, finding a very consistent set of results. Table 1 summarizes the most reliable determinations, extracted from the V + A channel.
All analyses have been done both in CIPT and FOPT. Within a given approach the perturbative errors have been estimated varying the renormalization scale in the interval ξ 2 ∈ (0.5 , 2), and taking K 5 = 275 ± 400 as an educated guess of the maximal range of variation of the unknown fifth-order contribution. 
we have performed a global fit to the corresponding moments with (k, l) = {(0, 0), (1, 0), (1, 1), (1, 2), (1, 3)}. These weights incorporate the phase-space and (2), allowing for a direct use of the measured hadronic distribution and the inclusion of the precise determination of R τ,V +A with a universalityimproved leptonic branching ratio (subtracting the small contribution of final states with non-zero strangeness). With these five moments, we have made a global fit of α s (m 2 τ ), the gluon condensate, O 6 and O 8 . To assess possible errors associated with neglected higher-order condensates (the highest moment involves power corrections with D ≤ 16), a second fit including O 10 has been performed and the variation on the fitted value of the strong coupling has been included as an additional uncertainty. As expected, the extracted condensates have large relative errors exhibiting the very little sensitivity to power corrections, and a quite precise value of α s (m We have repeated the fits, taking away the factor (1 + 2s/m 2 τ ) from the weights (10). Although one loses the additional information from the τ lifetime and leptonic branching ratios, this eliminates the highest-dimensional condensate contribution to every moment. The fitted values, shown in the second line of Table 1 , are in perfect agreement with the results of the previous fit (first line) and are even more precise. This shows again the insensitivity to higher-order power corrections. Moreover, it suggests that our error estimates are perhaps too conservative.
A different strategy consists in using optimal weights which are only sensitive to specific condensate dimensions. Particularly suitable are the doubly-pinched weights Similar results (not included in the table) are obtained from a global fit to four A (n,0) (0 ≤ n ≤ 3) moments based on the n-pinched weights
which receive corrections from all condensates with D ≤ 2(n + 1), but are protected against duality violations for n = 0. Neglecting all non-perturbative effects, one can determine α s (m 
which are only sensitive to O 2(m+2) , and the moment A (0,0) where OPE corrections are absent but it is very exposed to duality-violation effects. In all cases, the resulting determinations of the strong coupling are in agreement with the values in Table 1 , reflecting the minor numerical role of the neglected non-perturbative corrections.
Dependence on s 0
The non-perturbative contributions should be reflected in a distinctive s 0 dependence of the different moments. The power correction to the moment A The moment A (1,0) (s 0 ), which can only get corrections from O 4 , exhibits a surprisingly good agreement with its pure perturbative prediction in all channels (V , A and V + A). In spite of being only protected by a single pinch factor, the data points closely follow the central values predicted by CIPT, above s 0 ∼ 2 GeV 2 . In that energy range non-perturbative contributions appear to be too small to become numerically visible within the much larger perturbative uncertainties covering the shades areas of the figure. The splitting at lower values of s 0 of the V and A moments must be assigned to duality violations, since their D = 4 power corrections are approximately equal. However, these duality-violation effects clearly compensate in V + A, with an impressively flat distribution of the experimental data which does not deviate from the 1σ perturbative range even at s 0 ∼ 1 GeV. A similar behaviour is observed for A (0,0) (s 0 ), a moment without OPE corrections. A (2,0) (s 0 ) looks slightly more sensitive to non-perturbative contributions and seems to prefer a power correction with different signs for V and A, which cancels to a good extend in V + A. This fits nicely with the expected O 6,V /A contribution, although the merging of the V , A and V + A curves above s 0 ∼ 2.2 GeV 2 suggests a very tiny numerical effect from this source at high invariant masses. Fig. 3 shows, as function of s 0 , independent determinations of α s (m Table 1 . The excellent agreement with the more solid determinations in the first three lines of the table is quite unexpected, since now we are much more sensitive to violations of quark-hadron duality. In fact, as explicitly demonstrated in Ref. 1, when fitting the s 0 dependence of several consecutive bins one is using information about the local structure of the spectral function. However, the very flat shape of the V + A hadronic distribution above s 0 = 2.0 GeV 2 implies small duality-violation effects in that region which, moreover, are very efficiently suppressed in the doubly-pinched moments A (2,m) (s 0 ).
Borel Transform
When violations of duality are more important than power corrections, one can try to reduce them through the use of exponentially-suppressed moments of the type
The exponential factor nullifies the highest invariant-mass region, but paying the price that all condensates contribute to every moment. For a = 0 one recovers the A (1,m) (s 0 ) moments, only affected by O 2(m+2) , while for a 1 the OPE corrections become independent of m. Thus, if one determines with these moments the strong coupling, neglecting all non-perturbative contributions, the OPE corrections should manifest in a larger instability under variations of s 0 than in the a = 0 case. The splitting among different moments, at a given value of s 0 , should increase with a non-zero Borel parameter a, before they converge at a → ∞. 
Thus, one finds an excellent consistency between the vector and axial-vector determinations which are, moreover, in good agreement with the V + A results. 
Models of Duality Violation
Instead of using clean moments where violations of duality are very suppressed, some recent works have focussed on observables much more sensitive to these uncontrollable effects, 25 modeling them through an ansatz that parametrizes the differences ∆ρ DV V /A (s) between the physical spectral functions and their OPE approximations.
26
The model parameters are fitted to the experimental data and used to estimate the duality-violation correction to a given moment with the identity
Let us consider the slightly generalized ansatz (in GeV units)
which for λ V /A = 0 coincides with the model assumed in Refs. 25. The combination of a dumping exponential with an oscillatory function is expected to reasonably describe the fall-off of duality violations at very high energies, but this functional form is completely ad-hoc and difficult to justify at low energies. Assuming the ansatz to be valid aboveŝ 0 ∼ 1.5 GeV 2 , Refs. 25 advocate to extract α s (m 2 τ ), the vacuum condensates and the ansatz parameters from a global fit to the s 0 dependence of A ω V /A (s 0 ) moments. Since there are far too many parameters to be fitted to a highly-correlated data set, they concentrate in the moment A (0,0) V /A (s 0 ) which is very exposed to duality-violation effects and does not receive OPE corrections. The problem with this strategy is that a fit with n s 0 points of the A (0,0) V /A (s 0 ) moment is equivalent to a fit of
Thus, n − 1 points are dedicated to perform a direct fit of the spectral function. Since the OPE is not valid in the real axis, one loses theoretical control and gets at best an effective model description with unclear relation to QCD. The axial channel is not useful to extract α s with this method because the tail of the a 1 (3π) resonance extends to quite large values of s, and the energy bins where the ansatz could be justified have too large experimental errors. Taking As soon as one moves from the region where the spectral function has been fitted, the model strongly deviates from the data. This is shown in Fig. 8 and γ V adapt themselves to compensate the growing at high values of s with the net result of a smaller duality-violation correction. The statistical quality of the fit improves also with growing values of λ V , as shown in Table 2 that gives the fitted parameters for different models (λ V = 0, · · · , 8), taking always the reference point s 0 = 1.55 GeV 2 .
From Table 2 , one immediately realizes that there is a strong correlation between α s (m 2 τ ) and the assumed model. This should not be a surprise, because we are just fitting models to data without any strong theoretical guidance (the OPE is no longer valid), and α s has been converted into one more model parameter. Nevertheless, in spite of all caveats, one gets still quite reasonable values of the strong coupling. The actual uncertainties are much larger than the very naive fit errors shown in the table, since they totally ignore the strong instabilities appearing as soon as one moves from the selected pointŝ 0 = 1.55 GeV to increase by a factor of three the error quoted in Table 2 . 1 As the fit quality improves with growing values of λ V , the fitted central values of α s (m 2 τ ) approach also the much more solid determinations quoted in Table 1 .
The conclusion of this interesting exercise is obvious. The fitted values of α s (m 2 τ ) extracted with this method strongly depend on the assumed spectral function model. Therefore, they are unreliable. The slightly lower value of the strong coupling claimed in Ref. 25 is just a consequence of their particular choice of model and has little to do with QCD; moreover, even if one believed its functional form, the uncertainties are grossly underestimated.
Summary
The results quoted in Table 1 are very robust, exhibiting a very good stability under small variations of the fit procedures, and they are rooted in solid theoretical principles (except perhaps the one from the s 0 dependence, which assumes local duality). The overall agreement among determinations extracted under very different assumptions clearly shows their reliability and even indicates that our uncertainties are probably too conservative. Averaging the five determinations, but keeping the smaller uncertainties to account for the large correlations, one finds α s (m 
The same results are obtained irrespective or whether one includes or not in the average the determination from the s 0 dependence of the moments. Averaging the CIPT and FOPT "averages" in Table 1 , we quote as our final determination of the strong coupling α s (m 2 τ ) = 0.328 ± 0.012 .
These results nicely agree with the value of the strong coupling extracted 2 from R τ . After evolution up to the scale M Z , the strong coupling decreases to
in excellent agreement with the direct measurement at the Z peak from the Z hadronic width, 7 α s (M 2 Z ) = 0.1197 ± 0.0028. The comparison of these two determinations provides a beautiful test of the predicted QCD running; i.e. a very significant experimental verification of asymptotic freedom:
Improvements on the determination of α s (m 2 τ ) from τ decay data would require high-precision measurements of the spectral functions, specially in the higher kinematically-allowed energy bins. Both higher statistics and a good control of experimental systematics are needed, which could be possible at the forthcoming Belle-II experiment. On the theoretical side, one needs an improved understanding of higher-order perturbative corrections.
